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OPTICAL EXTINCTION PREDICTIONS FROM

MEASUREMENTS ABOARD A BRITISH WEATHER SHIP

INTRODUCTION

The Admiral Fitzroy is one of two weather ships that tend station Lima, 57 0 N 200 W, for the
British Ocean Weather Service. In late June 1978 we boarded the Fitzroy in Greenock, Scotland, to
spend one 28-day station-keeping session with the Weather Service crew. We had with us equipment
for measuring atmospheric aerosols.

As part of a joint project which included personnel from NRL and two laboratories from the
United Kingdom, two of us from the former Optical Radiation Branch were to measure the marine
aerosol in an open-ocean environment. While we were at sea the British were to measure aerosols on
the seaward shore of South Uist, one of the Hebrides, off the northwest coast of Scotland.

Prior to the departure of the Fitzroy, R. Allan and S. Craig of the Royal Aircraft Establish-
ment (RAE) and W. Shand, N. Tolliday, and A. Harland of the Royal Signal and Radar Establish-
ment (RSRE) joined us at the dock with particle-counting equipment similar to ours. The purpose
of the meeting was to make side-by-side comparison measurements of the two sets of aerosol
spectrometers prior to the measurement period. We repeated the comparison at the end of the
cruise.

The underlying reason for the program is an interest in the marine aerosol in the North
Atlantic and that aerosol's effect on the propagation of electromagnetic waves of visible and
infrared wavelengths. The immediate interest for the joint project was to determine the suitability
of the weather ship as a platform for making the desired measurements and to compare aerosol
measurements made in an open-sea environment with those made at a land-based seaside site. This
report will only discuss the first of these two issues. The comparison of the land and sea measure-
ments will be the subject of a later UK/US report.

EQUIPMENT AND PROCEDURES

The most obvious piece of equipment was, of course, the ship. The Admiral Fitzroy is a
70-m (228-ft) British corvette built in 1943 for North Atlantic duty during World War II. Of the
several corvettes once in the British Ocean Weather Service, only two remain. The craft are totally
seaworthy, as their record shows, but because of their short length and narrow beam they roll a
great deal, making them uncomfortable platforms. Also, in moderate to heavy seas they take a lot
of water across the decks, making open-air experimental work treacherous or impossible.

One appealing feature of the ships is that they steam to their station and then drift without
power in a fixed attitude to the wind, thus assuring the experimenter access to a clean air sample
for an extended period of time. Also, with equipment of the type we used several mounting loca-
tions are available, which allows measurements to be made at three or four heights. However, both
of these features have limitations, associated with bad weather, which essentially make the ship
acceptable only as a fair-weather platform for our type of measurement. A further discussion of this
will occur in a later section.

Manuscript submitted May 14, 1981.
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TRUSTY AND COSDEN

Two Particle Measuring Systems, Inc. (PMS) particle spectrometer probes measured the aerosol
aboard the Fitzroy. One, the Active Scattering Aerosol Spectrometer Probe (ASASP), measures
particles with radii in the 0.1- to 2.0-;rm range. The second is a high-volume version of the classical
scattering probe (CSASP), which covers a range of 1.0 to 15 Pm. A third probe, another CSASP
which we had intended to use at various locations on the ship, malfunctioned early on the trip and
provided no data.

We placed these two instruments windward while the ship drifted on station. Since the drifting
attitude has the wind coming from roughly 1100 off the port bow, we needed to be as far aft as
possible to avoid any contamination emanating from the ship. To avoid interfering with required
weather-ship operations, the only available mounting for the instruments was 3 m from the ocean
surface.

Figure 1 shows the Admiral Fitzroy at sea. The large superstructure at the stern is a balloon
shed. The probe location was just below the shed. Later we found that another location at 6 m
would have been acceptable to the Weather Service personnel at their balloon-shed level. Access to

the probes would have been restricted, however, during balloon launchings.

I

R-01 21
Fig. 1 - Admiral Fitzroy at sea

I .I

The PMS probes normally function on land as part of the mobile laboratory shown schemati-
cally in Fig. 2, which indicates two primary sets of sensors. The meteorological set on the upper
left includes devices for monitoring air temperature, dew point, wind speed, and wind direction. On
the upper right are the two particle spectrometers. The electronics that handle the data from the
sensors are in the mobile laboratory and are illustrated in three columns in Fig. 2. The center col-
umn shows the PMS electronics, which include the data buffer and a digital magnetic tape where
the information from all sensors is stored every second.

2
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Fig. 2 - Aerosol mobile laboratory

Simultaneously, the system feeds the information into the PDP-11/34 data acquisition system
for real-time processing. The user may specify averaging times. Data reduction includes the genera-
tion of aerosol size distributions from the probe data and the calculation, from these distributions,
of extinction coefficients for t~n arbitrary wavelengths by the Mie scattering theory. A disk stores
resultant extinction coefficients, size distributions, and averaged meteorological parameters at the
end of each averaging period. These data later produce time plots or cross-correlation plots.

Figure 3 gives an example of real-time output on the computer terminal from the computer
program used on the Fitzroy cruise. The top line shows the year, day, time of day, and length of the
averaging time. The next line of numbers gives the air temperature, dew point, wind speed, wind

3



TRUSTY AND COSDEN

direction, laser reference level for the ASASP, wind wave-height, visibility, ship heading, partial
pressure of water vapor (calculated from the dew point) and the relative humidity (from the dew
point and air temperature). We obtained the wind wave-height, visibility, and ship heading from the
hourly recordings of the Weather Service personnel and entered inputs using three potentiometers
into the computer's analog interface. The other values came from our own instruments.

7Ied Idi Id. MIIHVIseti ,OiIPU1 FPOM PROG'PAM FITZ-
'

HI LIP 1.1 AI.,IH PMYPV IhlIVM f V S HuIn', PPH-O PH
LIE'; L [F, M ."EC DLEG VOLI METE . KM BEG TDWR %

14 U. 1ek .. .' 1.44kb+11.1Us U ;'Q3.E+0 .IE.U 3 o(. 85E 0e 0.41. 1.

45 l e. il.I ,; AE+keU.' .:.O-F+ Li .l .1'+U.- U.18 E+102 rl 0
. =  
+te I..- .4E+1)2 U ,"S (,

1. 11 It 7E+ULL. II. s*E+IL v. I e2E lieti. 15E+02 1".e E+02 '.$3E~j o.25E+t
. 451 + i - 'Ii IJ1 o4E id ':I. L41+1 1 1. t +'+1.11 11 L4E+I0l .

t. I.e7E+ l .1. 8E +02 . F + (I I.I. 290 +_01 0. 5u +01
1t U. 31t+1.1 U. :E+U011E+uuk V. 3V:E-klI 0. 19E-01 0). 7E-tU2 ' E

1:. 4..E -to ". 1.: TE-112 ,: 27 -r02 I.I, l E -tie I., I OE-02 0. , LE- -03 , 0.'9E-IJ- 0,41E-0_4
5 1 2 :- 5 1 2 3

+

4.

+ 4
3* 4

+ 4
+ 4

* 4

+ 4 4 .3
+ 34 e 3
+ .3444.3
+ 4 43

+ J
+

+

+

+

*

+

+ 

1
NUBR L L 4IE :CVLM/:

-1 *

* I

* 4

+ E

+

+
-4I

2 2 3 5 1 2

0. 1 b'.3!U 91 .I0 .04U ( .Oe0 4 .03 .02 K

Fi.3 apeotpto eltmtcmue rga

+4



NRL REPORT 8497

The next series of numbers gives the values of the points plotted on the particle size distribu-
tion below the numbers. The plot is dN/dR(cm 3 m- 1 ), where N is the particle concentration and
R is the particle radius, vs R (pjm) in a log-log form. The vertical scale ranges from 10-4 to 10 5 as
shown, and the horizontal scale covers a range of 0.1 to 30. On the curve itself, the numbers 4, 3,
and 2 indicate the three ranges of the active scattering probe and a 1 indicates results from the
high-volume scattering probe.

The on-line program uses the distribution to calculate, in real time, the particle number density
(cm - 3), the cross-sectional area density (pm 2 cm - 3) and the volume density (pim 3 cm - 3 ). The
results of those calculations appear directly beneath the plot. Finally, from the distribution, the
extinction coefficients (per kilometer) at ten wavelengths (pm indicated as microns) are calculated
in real time, as shown in the last line. These extinction coefficients, obtained from Mie theory,
give only the extinction due to the aerosols; no molecular absorption or Rayleigh scattering is
included.

Because the ship is small, we could not take the mobile laboratory on board. Thus, we
removed the main electronic modules from the van and placed them in a compartment usually used
as the radio and meteorological workshop. Cables ran about 10 m to the sensor location. Figure 4
shows the sensors mounted in their operating position. In this position they were exposed to the
elements, as their measurement requirements necessitate. However, since the particle spectrometers
are not rainproof, we took them inside during the off hours. Furthermore, in rough weather the
waves actually broke over the mounting position, making it imperative that they not be left un-
attended for long periods. Thus, the data in this report are primarily for the daylight hours and
relatively fair weather.

R-01f 20

Fig. 4 - Aerosol spectrometers at mounting site

5



TRUSTY AND COSDEN

Daily, weather permitting, we mounted the probes and did a bin-by-bin check on their opera-
tion. We then set the initial Weather Service readings on the potentiometers and did a sample real-
time computer run to check operation. After mounting a data tape, we chose a total run time
according to the weather conditions and instructed the computer program to produce an appro-
priate number of 20-min averages for disc storage. During the time on station we produced 101 of
these 20-min averages. The reduction of the data tapes upon returning to NRL gave 254 of these
averages.

PARTICLE-COUNTER CALIBRATION

Although calibration equipment is taken into the field in case of emergency, we rely on the
manufacturer's calibration of the aerosol probes. The instruments are calibrated before each major
field trip. If it seems warranted, the calibration is repeated after the trip. Calibration is done using
glass beads for the larger size ranges and polystyrene or latex spheres for the smaller sizes. Adjust-
ment is seldom needed during calibrations.

The manufacturer gives an accuracy of 10% to the flow rates and plus or minus one sampling
bin size for particle sizing. The error in the flow rate converts directly with respect to an extinction
coefficient calculation. The bin-size error is more complex. Due to the steep slope on many of the
size distributions, a one-bin displacement may not appear to change the curve much, but a calcula-
tion of extinction coefficients may reveal an order-of-magnitude effect.

Nevertheless, we have made several comparisons [1-31 with other instruments running concur-
rently and have found agreement generally better than the one-bin error would predict. Further, we
have measured particles at sites in conjunction with optical transmission measurements. When wind
direction and relative humidity were taken into account, predicted and measured transmissions
compared favorably.

MEASUREMENT RESULTS

Rather than showing all 254 particle size distributions and their associated meteorological
parameters, we will look at the statistical nature of the measured variables. At station Lima, there is
little land influence. The station is located 800 km (500 mi) west of Scotland, as marked in Fig. 5,
and with a westerly air-mass movement, the air temperature is closely linked to the sea temperature.
For July, a nearly perpetual cloud cover also contributes to the stability. Thus, temperature excur-
sions are small. Figure 6 is a frequency-of-occurrence plot of the air temperature for the 254 twenty-
minute averages. The figure shows very well the lack of variation of the temperature during daylight
hours.

Although knowledge of the air temperature is important, the variables of interest for studying
the marine aerosol are wind speed and relative humidity. Figure 7 is a statistical plot of the wind
speed. It appears that the data give a normal distribution. However, the data are biased because we
could not take data when high winds generated waves which threatened the instruments. This
problem stopped us from taking data completely for 3 days on station.

6
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Fig. 5 - Measurement location - Station Lima, 57 0 N 20OW
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A brief word here about the correlation of airborne particles with wind speed is appropriate.
Cross-correlation calculations between wind speed and particle parameters such as total number,
cross section, volume, and calculated extinction show that the correlation is quite low for our
samples. Figure 8, for example, shows a plot of the parameter which gave the best correlation, viz,
total particle volume. Obviously the correlation is not good; the others were worse. In observing
the conditions at sea directly, we saw that for a rising wind the decrease in visibility did not seem to
occur until after the higher wind had existed for a prolonged time. Therefore, if wind speed is to be
an input parameter for marine aerosol models, it might be necessary to include a time history for

The second input parameter to many aerosol models is the relative humidity. Figure 9 is a
frequency-of-occurrence plot of relative humidity for our measurement period. The relative humid-
ity does not have a large range, since less than 12% of the samples have values less than 80%. Even
so, the cross-correlation calculations show a higher correlation with the particle parameters than did
the wind speed. Again, the best correlation was with total particle volume. That plot is shown in
Fig. 10.

A separate issue concerning relative humidity should also be mentioned here. The fact that

the relative humidity usually remained about 80% makes our calculated extinction coefficients
more believable, because for relative humidities below 70% the particles may no longer be primarily
water and may also not be spherical, both of which assumptions are used for the calculations.

8
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Fig. 10 - Total volume density of measured particles plotted vs relative humidity

Figure 11 shows that the variation in water vapor pressure during July was rather small,
indicating that the extinction due to water vapor will be roughly that calculated for 1.2 kPa (9.0
torr) ± 20%. Calculated extinction due to aerosols, on the other hand, varies considerably. Figures
12, 13, and 14 show the frequency-of-occurrence plots for the calculated aerosol extinction at
0.55 Pm, 3.8 pm, and 10.0 gm, respectively. At all three wavelengths the variation is three orders
of magnitude or more. Of course, when the molecular extinction is added for the infrared cases,
the variation becomes much less. For example, for the 10-pm case, since 1.2 kPa (9.0 torr) of
water vapor gives approximately 0.1 km -1 for extinction due to molecular absorption alone, (using
the P(20) CO 2 laser line frequency), most of the values in Fig. 14 will be relatively insignificant.
Thus, by calculating the appropriate 10.59-pm absorption for each 20-min-average of water vapor
and adding it to the corresponding aerosol extinction, we find that the frequency-of-occurrence
plot for total extinction shows over 90% of the readings clustered near the 0.1 km- value, as seen
in Fig. 15. Similarly, for the 3.8-pm case the P2 (8) DF laser frequency gives a molecular extinction
coefficient near 0.022 km- 1 . Here the distribution shifts to the right and loses part of the left
side, as Figure 16 depicts. However, for 3.8jm the molecular extinction does not dominate as it
does for 10.0 pm.

The point here is that if one wanted to predict 3.8-pim transmission it would be necessary to
monitor both the water vapor and the particle size distribution, at least for a large portion of the
254 samples taken. For 10-p m transmission prediction for these same conditions, however, for over
90% of the time the aerosol measurements are superfluous.
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As a summary showing the wide variety of aerosol effects on extinction, Fig. 17 gives six
calculated aerosol extinction vs wavelength plots. The criteria for selection of these examples were
only that they cover a wide range and be spread evenly on the graph. There are several things to
note in this figure. Most obvious is the range of values of extinction coefficient for any given
wavelength, although the range is greatest for longer wavelengths. The latter fact is true because the
largest extinction coefficient plot here is for a fog, where the particles are large, such that the
scattering is nearly equally effective for all of the considered wavelengths. Note, also, the two
samples where the curves actually cross. These two curves vividly point out the possible variation
in slope of this function. The important point here is that the ratio of extinction coefficients at two
wavelengths is not constant, as is assumed in marine aerosol models such as the one in LOWTRAN
IIIB. Figure 18, which shows calculated 10-m extinction plotted vs calculated 0.55-pm extinction,
shows this as well. Although the correlation is fairly good, because of the log axis the scatter is well
over an order of magnitude.

VISIBILITY OBSERVATIONS

This section is concerned with the Weather Service's visibility measurements. Their procedure
is as follows: they go on deck, scan the horizon, then report the lowest visibility they encounter in
the scan. On this particular cruise it was the rule, rather than the exception, that at least one direc-
tion presented a lower visibility when compared with the rest. That is, there was usually a low
cloud, a patch of fog, or a rain squall in sight: these determined the visibility reading.

Thus, when the log showed a visibility of 2 kin, our calculated visibility from concurrent
aerosol measurements may have estimated 20 km. In fact, 20 km may have been the visibility look-
ing in the direction opposite that used for the visual reading. Figure 19 st-nmarizes this by showing
the frequency-of-occurrence plot of the calculated aerosol extinction together with the extinction
obtained from the visibility observations (using the Koschmieder relation, ca = 3.91/V) made by the
Weather Service personnel.

The point is that some models for marine aerosols are derived from weather-ship data, and
these models may attempt to predict the visibility from the wind speed and relative humidity.
Obviously, something is amiss. Either the Weather Service will have to record more than just the
lowest visibility or the modeler.i will have to look elsewhere for data.

AEROSOL EXTINCTION PREDICTIONS

Ch~lek and others [4,51 have suggested that, for long wavelengths, the aerosol extinction is
proportional to the total liquid-water content in the aerosol. A large collection of data such as
that reported here lends itself to checking such a proposal. With the assumption that the aerosol
particles are water and spheres, Fig. 20 indicates that the proportionality does indeed hold for
10 pm for the data collected. In fact, it is quite remarkable considering the nearly four orders of
magnitude of variation in the total volume. An attempt to extend this proportionality to visible
wavelengths is not successful, however, as Fig. 21 clearly shows. On the other hand, the 0.55 Pm
extinction does exhibit a strong proportionality to another simple function of the aerosol, namely,
the total cross section. The correlation is, in fact, even better than that for 10 um with total vol-
ume. Figure 22 shows that correlation for our 254 twenty-minute samples.
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Unfortunately, correlating other wavelengths with the simple functions number, area, and
volume give less desirable results than do the two good ones shown here. Nevertheless, for predict-
ing 10-pm aerosol extinction, a mass monitor that does not modify the sample could possibly do a
good job. And for visibility predictions a device that monitors cross-sectional area would work well.
Currently, a nephelometer best fits the requirements of the latter.

RECOMMENDATIONS

As noted earlier, one of the aims of the project was determining if the weather ship is suitable
for making aerosol measurements that would satisfy the Navy's at-sea measurement requirements.
Given that data are required for all types of weather and that this ship is not usable in bad weather,
the conclusion is that it is not a suitable platform. High-wind data are needed for adequate testing
of marine aerosol models.

When we have compared the shipboard results with land-based results, we may find the two
sets of data much the same for similar wind speeds and relative humidities, or we may not. In either
case, further measurements at sea and on land are recommended: at-sea measurements, because of
the certainty of the lack of interference from surf and land-mass effects, and land-based measure-
ments, because of needed comparisons with the more expensive and more difficult shipboard
measurements.

For open-ocean studies, there are several recommendations. If a ship is used, it should be much
larger than Fitzroy, so that easily accessible probe-mounting sites can assure damage-free operation
of the probes during rough weather. Several choices for mounting heights would also be important
for obtaining vertical profiles of the aerosol. Furthermore, if the ship is long enough a shipboard
transmission measurement along the deck may be feasible along with the aerosol measurements.

For a ship that is not dedicated to the experiment, self-contamination is the worst problem;
e.g., finding a place with clean air on a ship steaming with the wind may be impossible. Of course,
prudent scheduling, with ship route and prevailing wind in mind, may alleviate the problem.

The alternative to a ship for open-ocean measurements is a sea platform such as used for
drilling for oil. There, one could, for example, make high-resolution vertical aerosol profile measure-
ments quite simply, compared with the problems associated with the same measurement aboard
ship. Also, because the platforms would be usable in most weather as well, they would actually be
preferable to a ship -- except for the obvious location limitation.

In conclusion, the reader should not infer that the measurements from the Fitzroy cruise are
not useful. They are indeed useful, but unfortunately the data for high -wind conditions are conspic-
uously absent. Future measurements on a better platform would correct this. In the joint report
with the U.K., we will discuss in detail the comparisons between the shipboard and land-based
measurements. Therein may lie some indication as to how extensive future shipboard measurements
should be.
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Appendix

AEROSOL DATA

As examples of marine atmosphere aerosol data, we have listed the 20-min averages of measure-
ments that we made during the times the ship was stopped and turned into the wind. Tables Ala
to Ale give the particle density distribution dN/dR (cm - 3 Mm - 1 ) as a function of the radius of the
probe bin centers. For Probe 1 we give results from only the first seven bins. Due to a double-valued
sensitivity in the detection response, the data for the larger size ranges of that probe have proven to
be inconsistent in many instances. For the purpose of calculating extinction coefficients, we fit a
line between the value for the seventh bin of Probe 1 (ASASP) and the first bin of Probe 2 (CSASP).
For convenience, the radii chosen for the fitted line are the same as the remaining eight bin centers
of Probe 1.

Tables A2a to A2f give meteorological parameters and, for four wavelengths, calculated
extinction coefficients. (The extinction calculations do not include molecular absorption.)

We have listed the particle probe bin edges in Table A3 to aid those who may wish to put the
aerosol data into a form different from the one we have chosen.

Although all 254 size distributions are in Tables Ala to Ale, we want to show one sample
plot for each day. For simplicity we chose to plot only those data that occurred at 1000, 1200, or
1400 hours, whichever came first on that day. Day 205 gave the only exception. Figures Ala to
Alo show the resulting 15 plots.
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Table A3 - Bin-Edge Locations
- for Probes in Table Al

Particle Radius (Mm)

ASASP CSASP
Probe 1 Probe 2

0.1 0.75
0.135 1.7
0.17 2.65
0.205 3.6
0.24 4.55
0.275 5.5
0.31 6.45
0.35 7.4
0.4 8.35
0.45 9.3
0.5 10.25
0.55 11.2
0.6 12.15
0.65 13.1
0.7 14.05
0.75 15.0
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